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Edited by Francesc PosasAbstract The initial steps of heat stress in A431 cells were pre-
viously characterized by ligand-independent EGFR transactiva-
tion via an unknown mechanism and concomitant secretion of
Hsp70. In this work we demonstrate that the depletion of
Hsp70 from the conditioned medium of heated cells abolishes
EGFR transactivation indicating that secreted Hsp70 is essential
for EGFR transactivation during heat shock. This notion is sup-
ported by the ﬁndings that puriﬁed Hsp70 can induce EGFR
transactivation and the activation of EGFR-dependent signaling
pathways. Both heat stress and pure Hsp70 stimulate activation
of TLR2/4 and their association with EGFR. These results sug-
gest that the secreted Hsp70 mediates the cross-communication
of TLR and EGFR signaling systems in A431 cells.
 2006 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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The epidermal growth factor receptor (EGFR) is a proto-
type member of the ErbB family that mediates multiple cellular
responses in physiological processes as well as in pathophysio-
logical states. Diﬀerent stressful factors, including arsenite,
ultraviolet, gamma radiation, osmotic stress, and oxidants in-
duce ligand-independent EGFR activation referred to as
EGFR transactivation [1].
The initial steps of squamous carcinoma cell line A431 re-
sponse to heat stress include ligand-independent EGFR activa-
tion as well as activation of EGFR-dependent signaling
pathways [2]. EGFR transactivation in A431 cells was also in-
duced by conditioned medium of heated cells indicating the
involvement of autocrine/paracrine loop in this process [2].
The simultaneous appearance of heat shock protein 70Abbreviations: Hsp70, heat shock protein 70; EGFR, epidermal gro-
wth factor receptor; Erk1/2, extracellular regulated kinases 1 and 2;
PLCc1, phospholipase Cc1; STAT3, signal transductor and activator
of transcription 3; TLR, toll-like receptor; MyD88, myeloid diﬀeren-
tiation factor 88
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was shown to be due to its secretion via secretory-like granules
[3].
Though initially Hsp70 was thought to be a typical intracel-
lular protein, recent studies demonstrated that Hsp70 is being
released into the blood or the conditioned medium of cultured
cells under stress conditions [4–6]. Exogenously added puriﬁed
Hsp70 was shown to induce signal transduction that engages
Toll-like receptors 2 and 4 (TLR2/4) and lipopolysaccharide
receptor CD14 in monocytes and macrophages [7]. Recently
the binding of Hsp70 to the diverse surface receptors of anti-
gen presenting and endothelial/epithelial cells has been demon-
strated [8]. However, whether the Hsp70 binding to the surface
of epithelial cells can induce signal transduction events remains
unclear. TLRs are members of the conserved family of recep-
tors which control innate immune responses and are expressed
in cells of myeloid lineage. Recently, their expression was also
found in other cell types including keratinocytes [9]. Previ-
ously, TLR2/4 were shown to be activated in stress conditions
and are able to act synergistically with other signaling path-
ways [10,11]. On the other hand EGFR is considered to be a
component connecting diﬀerent signaling systems and its
transactivation was shown to be induced by a variety of cell
surface receptors [1]. It was therefore suggested that the acti-
vated TLR2/4 might cross-communicate with EGFR signaling
pathways.
The aim of this study was to investigate the role of the
secreted Hsp70 in signaling events triggered by heat shock.
Conditioned medium of heated cells stimulates EGFR transac-
tivation, whereas the same medium lacking secreted Hsp70 is
unable to stimulate EGFR transactivation. We also demon-
strate that EGFR transactivation is induced by exogenously
added pure Hsp70. In addition, both heat shock and exoge-
nous puriﬁed Hsp70 were able to induce the activation of
TLR2/4 and their association with EGFR. Our data imply that
extracellular Hsp70 can mediate cross-communication between
TLR2/4 and EGFR signaling during heat shock.2. Materials and methods
2.1. Cell culture and cell treatment
Human squamous carcinoma cell line A431 (Russian Cell Culture
Collection) were maintained in DMEM (Gibco) supplemented with
10% fetal calf serum at 37 C in a humidiﬁed 5% CO2 atmosphere.
For experiments, the cells were grown in 10-cm Petri dishes
until 80% conﬂuence. The eﬀect of temperature was examined byblished by Elsevier B.V. All rights reserved.
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tor. The following kinase inhibitors were used: EGFR tyrosine kinase
inhibitor AG1478 (5 lM, 30 min), JAK2 kinase inhibitor Tyrphostin
AG490 (50 lM, 30 min) (Calbiochem), Src kinase inhibitor
CGP77675 (1 lM, 30 min) (gift of prof. J. Green). To study the eﬀect
of conditioned medium the culture medium from control and heated
cells was removed and transferred to clean centrifuge tubes. The media
was centrifuged (500 · g, 3 min at room temperature), transferred to
clean tubes and either added to cells directly or further processed by
the immunoprecipitation.2.2. Antibodies
The following antibodies were used: monoclonal anti-Hsp70 anti-
body [12], rabbit anti-EGFR and anti-TLR4 and goat-anti-TLR2 anti-
body (Santa-Cruz Biotechnology), rabbit anti-MyD88 (Sigma), mouse
anti-phosphotyrosine antibody (Transduction Laboratories), rabbit
anti-phohpho-STA3, anti-phospho-PLCc1, anti-phospho-ERK1/2,
rabbit, anti-STA3, anti-PLCc1, anti-ERK1/2 (Cell Signaling). All
secondary antibodies used for Western blotting were purchased from
Sigma.2.3. Proteins
Hsp70 was isolated from bovine muscle as described earlier [13]. To
remove possible contamination of endotoxin Hsp70 preparation was
further passed through polymyxin B-agarose gel. Before the use the
protein solution was sterilized by the ultraﬁltration through 0.2 lm
pore microﬁlter (Sarstedt). Recombinant Hsp70 was purchased from
StressGen.2.4. SDS–PAGE, immunoprecipitation, and immunoblot analysis
Cells were washed with phosphate-buﬀered saline (PBS, pH 7.4),
lysed on ice in lysis buﬀer (20 mM Tris (pH 7.5), 150 mM NaCl,
2 mM EDTA, 2 mM DTT, 10% glycerol, 1% Triton X-100, 1% Non-
idet P-40, 1 mM sodium orthovanadate, 10 lg/ml aprotinin, 10 lg/ml
leupeptin, and 1 mM phenylmethylsulfonyluoride (PMSF)), and cen-
trifuged (13000 · g for 10 min). Proteins from cell lysates or condi-
tioned medium were immunoprecipitated with indicated antibody for
4 h at 4 C. Protein G-agarose beads were then added for additional
90 min. Immunocomplexes were centrifuged and washed three times
with the lysis buﬀer. The samples were separated by SDS–PAGE
and transferred to a PVDF membrane. The membrane was blocked
in blocking buﬀer (TBS (pH 7.6), 0.1% Tween-20 and 5% non-fat
dry milk) for at least 3 h at 4 C followed by incubation with the pri-
mary antibody in TBS (pH 7.6), 0.05% Tween-20, and 5% BSA and
subsequently with secondary antibody conjugated with HRP. Then
the blots were visualized by the ECL detection system (Amersham).Fig. 1. Heat shock-induced tyrosine phosphorylation of EGFR is
dependent on JAK2 kinase activity. Control cells, cells pretreated with
AG1478, CGP77675, AG490 for 30 min and then heated (42 C,
40 min) and cells heated at 42 C for 40 min were lysed and subjected
to immunoprecipitation with anti-EGFR antibody and immunoblot-
ting with anti-phosphotyrosine antibody (upper panel) or anti-EGFR
antibody (lower panel). Cells treated with 100 ng/ml EGF for 15 min
and cells pretreated with AG490 for 30 min and then treated with
100 ng/ml EGF for 15 min were used as a control.3. Results
3.1. JAK2 kinase activity is required for heat shock-induced
EGFR transactivation
Previously ligand-independent EGFR tyrosine phosphoryla-
tion was shown to occur at initial steps of heating A431 cells
[2]. There are numerous indications that the kinase activity
of the EGF receptor is necessary to mediate EGFR transacti-
vation [1]. In many cases this transactivation requires c-Src
[14]. Furthermore growth hormone and prolactin were shown
to promote EGFR tyrosine phosphorylation that is dependent
on JAK2 activation but is independent of intrinsic EGFR ki-
nase activity [15]. In present experiments we tried to identify
tyrosine kinase involved in a process of EGFR phosphoryla-
tion under heat shock conditions using a set of kinase inhibi-
tors: inhibitor of intrinsic EGFR kinase activity (tyrphostin
AG1478), Src-kinase activity (CGP77675) and JAK2 kinase
activity (tyrphostin AG490). The data showed that heat shock
induced EGFR tyrosine phosphorylation was abolished by
pretreatment with tyrphostin AG490, whereas neither pretreat-ment with tyrphostin AG1478, nor CGP77675 have any eﬀect
on EGFR tyrosine phosphorylation (Fig. 1).
3.2. The released Hsp70 is essential for heat shock-induced
EGFR transactivation in A431 cells
Previously we have shown that EGFR transactivation at ini-
tial steps of heating A431 cells occurred via an autocrine or
paracrine pathway and that extracellular Hsp70 appeared in
conditioned medium of heated cells due to its secretion [3].
We hypothesized that the released Hsp70 may be involved in
EGFR transactivation. We have found that EGFR undergo
tyrosine phosphorylation during incubation with conditioned
medium of heated cells, whereas the depletion of Hsp70 from
conditioned medium of heated cells abrogates EGFR transac-
tivation (Fig. 2A), which suggests that Hsp70 participate in
EGFR transactivation at initial steps of heat stress.
3.3. Exogenous Hsp70 triggered EGFR transactivation
To conﬁrm that Hsp70 mediates EGFR transactivation we
next examine the eﬀect of puriﬁed Hsp70 on EGFR tyrosine
phosphorylation. A431 cells were treated with various concen-
trations of Hsp70 puriﬁed from bovine muscle and EGFR
transactivation was examined. Exogenous Hsp70 induces
EGFR tyrosine phosphorylation in a dose-dependent manner
(Fig. 3A). Since 100 ng/ml of exogenous Hsp70 exerted the dis-
tinct eﬀect on EGFR transactivation, this concentration was
chosen for further experiments. To prove that the eﬀect of
exogenous Hsp70 is not dependent on contamination with
LPS, puriﬁed Hsp70 was boiled at 100 C for 30 min, since
heat denatures Hsp70, but not LPS and then added to A431
cells. Heat-denatured Hsp70 lost the ability to mediate EGFR
transactivation comparing to intact Hsp70, indicating that the
eﬀect was due to Hsp70 itself and not due to the contamination
with LPS (Fig. 3B). Next, the dynamics of EGFR tyrosine
phosphorylation under eﬀect of 100 ng/ml of Hsp70 was tested.
Puriﬁed Hsp70 induced EGFR tyrosine phosphorylation,
which was highest at 15 min, followed by the reduction of
the level of receptor tyrosine phosphorylation (Fig. 3B). Re-
combinant Hsp70 purchased from StressGen (100 ng/ml) ex-
erted the same eﬀect as Hsp70 puriﬁed from bovine muscle,
Fig. 2. The secreted Hsp70 is essential for heat shock-induced EGFR transactivation. (A) Conditioned medium from growing A431 cells was
removed and changed for conditioned medium of either control cells, or cells heated at 42 C for 40 min (HS cells). In parallel experiments heat-
shocked cell medium was subjected to immunoprecipitation with anti-Hsp70 antibody or precipitation with protein G-agarose. After medium
substitution cells were incubated at 37 C for 15 min and EGFR tyrosine phosphorylation was tested as in previous experiments. (B) Immunopellets
were analyzed by immunoblot with anti-Hsp70 antibody.
Fig. 3. Exogenous Hsp70 induces EGFR transactivation. (A) Control A431 cells, cells treated with 50, 100 and 250 ng/ml Hsp70 puriﬁed from
bovine muscle and cells treated with 100 ng/ml of boiled (100 C, 30 min) Hsp70 for 15 min were lysed and were immunoprecipitated with anti-EGFR
antibody. The immunopellets were analyzed by immunoblot with anti-PY antibody (upper panel) and anti-EGFR antibody (lower panel). (B)
Control A431 cells and cells treated with 100 ng/ml of puriﬁed Hsp70 for 15, 30 and 60 min and 100 ng/ml of recombinant Hsp70 for 15 min, were
lysed and EGFR tyrosine phosphorylation was tested as in previous experiments. (C) Control A431 cells and cells treated with 100 ng/ml of puriﬁed
Hsp70 for 15 and 30 min were lysed and tyrosine phosphorylation of ERK1/2 (1), PLCc1 (2), STAT3 (3) was determined by immunoblotting using
anti-phospho-ERK1/2 , anti-phospho-PLCc1 and anti-phospho-STAT3 (upper panels) and ERK1/2, PLCc1 and STAT3 (lower panels).
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act alike (Fig. 3B). We next tried to determine whether exoge-
nous Hsp70 is able to induce the activation of EGFR-depen-
dent signaling pathways. Therefore, we tested the appearance
of tyrosine phosphorylated forms of ERK 1/2, phospholipase
Cc1 (PLCc1), and signal transductor and activator of tran-
scription 3 (STAT3) in control cells and cells treated with
either 100 ng/ml Hsp70 or EGF using antibodies to phosphor-
ylated forms of these proteins. Fig. 3C shows that treatment of
A431 cells with exogenous Hsp70 caused tyrosine phosphory-lation of extracellular regulated kinases 1 and 2 (ERK1/2),
PLCc1, and STAT3 indicating activation of EGFR-dependent
signaling pathways.
3.4. Heat shock and exogenous Hsp70 induce Toll-like
receptor2/4 activation and their association with EGFR
Since Hsp70 has been reported to stimulate TLR-mediated
signaling pathways, the next aim of our study was to determine
whether these receptors are activated in A431 cells in response
to exogenous Hsp70 and heat shock.
Fig. 4. Heat shock and pure Hsp70 induce TLR2/4 activation and
association with EGFR. (A) Control A431 cells, cells exposed to heat
shock (42 C, 40 min) and cells treated with 100 ng/ml Hsp70 for
15 min were immunoprecipitated with anti-TLR2 antibody (1) or anti-
TLR4 antibody (2). The immunopellets were analyzed by immunoblot
with anti-MyD88 antibody (upper panels), anti-EGFR antibody
(middle panel) and anti-TLR2 or 4 antibody (lower panels).
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the eﬀect of puriﬁed Hsp70 were tested using the ability of
adaptor protein myeloid diﬀerentiation factor 88 (MyD88) to
bind activated receptors. The association of MyD88 with both
TLR2 and 4 was found in heated cells (42 C, 40 min) and cells
treated with 100 ng/ml Hsp70, while in control cells the bind-
ing of TLR2/4 to MyD88 was not observed (Fig. 4).
Since TLR2/4 signaling pathways were reported to act syn-
ergistically with other signaling pathways, we investigated
whether activated TLR2/4 form complexes with EGFR in
our conditions. The coimmunoprecipitation of TLR2/4 with
EGFR was observed both in heated cells and cells treated with
100 ng/ml of puriﬁed Hsp70 while in control cells binding of
TLR2/4 with EGFR were not observed (Fig. 4).4. Discussion
Previously we have shown that autocrine/paracrine pathway
is involved in EGFR transactivation in A431 carcinoma cells
under heat shock conditions [2]. Numerous reports have dem-
onstrated that the autocrine EGFR transactivation involved
the activation of metalloproteases followed by the processing
and release of EGF-like ligands. These signaling events criti-
cally depend on intrinsic EGFR tyrosine kinase activity [1].
Here we show that heat shock-induced EGFR transactivation
in A431 cells is independent of intrinsic EGFR tyrosine kinase
activity and Src kinase activity and require JAK2 kinase activ-
ity (Fig. 1). These results have prompted us to propose that
heat shock induces the release of factor(s) other then EGF-like
ligands, which may mediate EGFR transactivation.
Previously Hsp70 was shown to appear in the conditioned
medium of heated A431 cells due to its secretion [3]. In the
present study, Hsp70 released from carcinoma cells under heat
stress conditions was demonstrated to be essential for EGFR
transactivation. Such conclusion is based on the ﬁnding that
while conditioned medium of heated cells stimulate EGFR
transactivation, the same medium immunodepleted of extracel-
lular Hsp70 loses the ability to induce EGFR transactivation
(Fig. 2).
Analyzing signaling eﬀects of exogenously added Hsp70, we
found that it stimulates EGFR transactivation (Fig. 3). The
maximal level of EGFR phosphorylation under heat stresswas shown to occur later than under eﬀect of exogenous
Hsp70, suggesting that under heat shock conditions the addi-
tional period of time is required for the release of Hsp70 from
cells. Our study also demonstrate that both heat stress [2] and
exogenous Hsp70 induce the activation of EGFR-dependent
signaling including ERK1/2, PLCc1, and STAT3 phosphory-
lation (Fig. 3). Phosphorylation of ERK1/2 is more intense
after 30 min of Hsp70 treatment, while PLCc1 and STAT3
show a reduced phosphorylation at that time period. The rea-
son of prolonged ERK1/2 activation is yet unclear, it is possi-
ble that other signaling pathways might participate in ERK1/2
activation.
ERK1/2 activation caused by EGFR transactivation is well
documented and appears to play a protective role during cellu-
lar stress [16]. The activation of PLCc1 and STAT3 was also
shown to protect cells against apoptosis during cell response
to oxidative stress [17,18].
There is a considerable interest in the biological role of
extracellular Hsp70. Recently, the association of extracellular
Hsp70 with cell surface molecules of endothelial and epithelial
cell lines was demonstrated and it was proposed that extracel-
lular Hsp70 may mediate non-immune purposes in these cells
[8]. The results of the present study support the concept that
exogenous chaperons, particularly Hsp70, may posses a signal-
ing function. Previously the signaling function of exogenously
added Hsp70 was proposed, referred to as chaperokine func-
tion of Hsp70. The later was restricted to antigen presenting
cells and act via several receptors including Toll-like receptors
2 and 4 and lipopolysaccharide receptor CD14 [7]. Consistent
with these data we demonstrate that both heat shock and
extracellular Hsp70 induced the association of TLR2/4 with
downstream adaptor protein MyD88 in A431 carcinoma cells,
which conﬁrms the activation of TLR2/4 (Fig. 4).
Growing sum of data suggests that EGFR signaling has
interrelationships with other signaling systems. In the present
study TLR2/4 were shown to be associated with EGFR both
under heat shock conditions and upon the addition of exoge-
nous Hsp70. We propose that under heat shock conditions
the released Hsp70 triggers signaling events using TLR2/4
which cross-communicate with EGFR in a manner similar to
the demonstrated for growth hormone [15]. The mechanism
by which growth hormone stimulates tyrosine phosphorylation
of EGF receptor was shown to include JAK2 activation and
the formation of growth hormone receptor–EGF receptor het-
erodimers [15]. The involvement of JAK2 kinase in TLR sig-
naling was shown earlier in macrophages treated with LPS
[19], though the molecular mechanism of JAK2 recruitment re-
mains obscure.
While the protective function of intracellular Hsp70 is well
documented, the present study provide evidence that Hsp70 se-
creted from cells at initial steps of heat stress might play the
same function by mediating EGFR transactivation, which is
known to prevent stress-induced apoptosis. These results pro-
vide new insight in the function of extracellular Hsp70 released
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